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Abstract Macrococcus bovicus was locally isolated from soil and used in the green synthe-
sis of nano-scaling silver (NSAg). It was immobilized on a sodic-montmorillonite clay
(MMT1) and cetyltrimethylammonium bromide-modified montmorillonite (MMT2) which
was also calcined at 300 °C (MMT3). The NSAg clays were characterized by X-ray
fluorescence, Fourier transform infrared spectra, X-ray diffractometry, surface area measure-
ment, UV–Vis spectrometry, scanning electron microscope, transmission electron microscope
and thermogravimetric analysis. NSAg was confirmed to be included in the interparticular
cavities of the clay sheets and its mechanical stability was evidenced. The antimicrobial
activity of the NSAg-modified clays was investigated against Staphylococcus aureus,
Escherichia coli and Candida albicans using the cup plate and the plate count techniques.
The antimicrobial activity of the NSAg clays was confirmed and attributed to the caging of
NSAg in MMT cavities. MMT3 was found to inhibit the microbial growth to as high as
65 % as observed from the plate count method.
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Introduction

Many people worldwide lack safe drinking water, and at least five million deaths per year can be
attributed towater-borne diseases [1].Water pollution, therefore, is a serious global issue particularly
in Africa and the Middle East countries because of drought. Infectious diseases caused by
pathogenic bacteria, viruses and parasites are the most common and widespread health risk
associated with drinking water [2]. Consequently, it is of great priority, particularly in water-poor
countries to enable simple disinfection techniques of fresh water supplies for various purposes.

Classical disinfection methods have serious disadvantages. For example, chlorination, the
most used drinking water disinfectant for its low cost and fast kinetics, produces residual free
and combined chlorine [3]. Another disadvantage of chlorination is that some pathogens are Cl2
resistant and/or convert to antibiotic resistant after treatment such as Staphylococcus aureus [4].

Recently, nano-materials particularly nano-scaling silver (NSAg) [5–11] showed a broad
spectrum antimicrobial functionality towards microorganisms. The particle size of the nano-metal
plays an important role in the antimicrobial activity. That were observed in the influence of
particle size and shape of NSAg nano-particle on HIV-1 virus replication (10 nm) [5], pathogenic
fungi (13.5 nm) [6], common fungi (58 nm) [7] and biofilms (9.3–35 nm) [9–11].

There are an extensive number of chemical, physical and biological synthesis methods of
NSAg that are readily available in the literature [10, 12]. Currently, there is a growing need to
adopt eco-friendly processes for nano-particle synthesis, and hence the focus turned towards
‘green’ chemistry and bioprocesses [13–16]. Biological methods in particular are currently
gaining importance because they are cost effective and do not involve the use of any toxic
chemicals for the synthesis of nano-materials. They are safer alternatives to physical and
chemical methods, which involves harsh conditions and use of hazardous chemicals [8, 10,
12]. For instance, spent mushroom substrate has been used to reduce ionic silver to NSAg and
further provides stabilization to nano-silver suspensions [13]. Furthermore, NSAg is success-
fully produced by microorganisms including bacteria [14] and fungi [15, 16]. For example,
extracellular NSAg (diameter 5–25 nm) was synthesized using Aspergillus fumigatus [15] and
non-pathogenic fungus Trichoderma asperellum [16]. One possible (passive) role of the
microorganisms is in providing a multitude of nucleation centres, establishing conditions for
obtaining highly dispersed nano-particle systems. In addition, they slow down aggregation, or
entirely prevent it by immobilizing the particles, providing naturally-occurring end-capping
materials and viscous medium [17].

The wide application of nano-materials (NMs) is obstructed by many obstacles such as the
difficulty of manipulating the suspension, the ultimate health risks of the dissipation of nano-
particles to environment [18], instability of size due to aggregation, and the effect of the
suspension-stabilizing agent [10, 12]. Coating quantum dot nano-crystals with polyethylene
glycol suppressed agglomeration and stabilized the suspension regardless of the ionic strength
[19]. Branched polyethyleneimine (BPEI) stabilized NSAg [20].

Although the stability of the produced colloidal NSAg dispersions have been partially
solved by the use of organic supporting materials such as textile or cellulose, practice shows
the loss of the NSAg with usage [21]. Some brands of socks were shown to lose nearly all of
their NSAg content, added to kill bacteria, within a few washings [21]. Moreover, to get use of
NMs, it is not possible to cage them in rigid confinements restricting their access to microor-
ganisms which ranges from 1 to 10 nm for the viruses to micrometre range in case of bacteria.

Recently, Ag+ was intercalated into montmorillonite (MMT) [22, 23] and MMT modified
with sulphur amino acids [24] then reduced to form NSAg and used as antimicrobial agents.
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MMT was used as NM support for its hosting capability of its inert rigid two-dimensional
network of aluminosilicate layers.

NSAg was not directly immobilized on MMT yet. The present study demonstrates (1) the
isolation of the bacteriaMacrococcus bovicus from local soil, (2) the synthesis of NSAg using
M. Bovicus and (3) the direct immobilization of NSAg on MMT, as an inorganic support, and
the study of its antimicrobial activity.

Experimental

Materials

Bacterial Isolation

Soil sample collected from agricultural environment (Mansoura, Lower Egypt), using sterile
plastic bag, was shifted to the laboratory within 3 h. One gram of soil was added to 9mL of sterile
saline solution (0.85 w/v) and shaken for 2 h and then left to stand for 15 min. A serial dilution up
to 10−7 had been done. From the last four dilutions (10−4 to 10−7), 200 μL were used to inoculate
Petri dishes (15-cm diameter), each containing 50 mL of nutrient agar medium. Dishes were
incubated at 30 °C for 24 and 48 h (or more). The appeared bacterial colonies were picked up and
maintained on nutrient agar slants till next use. The bacterial isolate that used in this work was
identified using carbon substrate utilization and biochemical test. The bacterial isolate was
characterized bymeans of sole carbon source utilization profiles using the BiologGNMicroplates
(Biolog GN2, UK) according to the manufacturers’ instructions. Twenty-four-hour-old isolates
grown on King’s Bmediumwere homogenously suspended in sterile distilled water (DW) before
inoculation on the profiles. Results of the Biolog GNMicroplates were recorded after 24- and 48-
h incubation at 26 °C. Biochemical reactions were visually observed and subjected to amicro-titre
plate reader (Bio-Tek ELx 800) at 620-nm absorbance level. Data were entered into Bionumerics
software (version 4.5) and subjected to cluster analysis using the unweight pair group-average
method (UPGMA). The identity of isolates were further confirmed using the Analytical Profile
Index, API 20E (bioMerieux, Marcy l’Etoile, France), according to the manufacturers’ instruc-
tions. Homogeneous suspensions (1 × 106) were inoculated in the tube of API 20E kits. Data were
recorded after 24-h incubation at 26 °C and seven-digit profiles developed for every isolate.
Profiles were identified using the APILAB version 4.1 identification program (BioMérieux).

MMT Montmorillonite Clay

MMT (procured from Sinai, Egypt) contains SiO2, 52.56 %; Al2O3, 18.49 %; Fe2O3, 13.44 %;
MgO, 2.44 %; CaO, 1.11 %; Na2O, 1.24 %; K2O, 1.38 %; TiO2, 2.06 %; Cl, 0.708 %; P2O5,
0.159 %; SO3, 0.161 %; and LOI, 6.1 % as determined by X-ray fluorescence (XRF). The
basal spacing (d001) of the air-dried MMTwas about 15.16 Å that suggests it is a calcic MMT.

Other reagents were of analytical-grade purity, unless otherwise stated.

Instrumentation

The bacterial isolate was identified by using the Biolog (GN2, UK) instrument. XRF analysis was
performed on X-ray fluorescence analysis (ARL 72000, Switzerland). IR spectra were recorded
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on KBr discs in a Perkin-Elmer system 2000 FTIR spectrophotometer. Powder X-ray diffrac-
tometry (XRD) was recorded on a Bruker AXS D8 ADVANCE using CuKα source
(λ = 1.5406 Å). Specific surface area, pore volume and average pore diameter were measured
with Quantachrome USA NOVA 22. The UV–visible absorption spectra for the aqueous
dispersions were recorded at room temperature on a Shimadzu UV–VIS 2401PC spectropho-
tometer using a 1-cm quartz cuvette. The scanning electron microscope (SEM) images were
performed using SEM model Quanta 250 field emission gun (FEG) attached with EDX Unit
(energy-dispersive X-ray analyses), with accelerating voltage 30 kV, magnification ×14 up to
1,000,000 and resolution for Gun. 1n, FEI Company, Netherlands. The transmission electron
microscopy (TEM) analysis of extracellular synthesized NSAg were prepared by drop-coating
biosynthesized NSAg solution on carbon-coated copper TEM grids (40 μm × 40 μmmesh size).
Samples were dried and kept under vacuum in desiccators before loading them onto a specimen
holder. TEM measurements were performed on a JEOL model 1200EX electron microscope
operated at an accelerating voltage at 120 kV. Elemental analysis of Ag was performed using
atomic absorption spectrometry (AAS) on Perkin Elmer Analyst 800, USA. The samples used in
AAS were digested in HF/HNO3 in Milestone MLS Ethos 900 Plus Microwave.

Methodology

Growth Conditions

Macrococcus bovicus stock cultures were maintained by subculturing at monthly intervals on
nutrient agar medium. One-litre Erlenmeyer conical flasks containing 200 mL of nutrient broth
medium was inoculated with a loopful of bacterial cells and incubated for 48 h at 37 °C with
shaking at 160 rpm. After incubation period, the cultures were centrifuged at 8000 rpm for
10 min and the supernatant were collected.

Biosynthesis of Nano-silver

For the biosynthesis of NSAg, 50-mL aqueous solution of 3 mM silver nitrate (AgNO3) was
added to 50 mL of M. bovicus supernatant solution in a 250-mL Erlenmeyer flask. The whole
mixture was put into a shaker at 40 °C (200 rpm) for 5 days and maintained in the dark.
Control experiments were conducted with uninoculated media, to check for the role of bacteria
in the synthesis of nano-particles. The reduction of Ag+ ions was recorded by noticing colour
change from yellow to reddish brown colour and sampling an aliquot (2 mL) of the solution at
intervals of 24 h and measuring the UV–Vis spectra of the solution.

Preparation of Montmorillonite Clay MMT

MMT was converted into the homoionic Na-exchanged form by stirring 50 g in 1 L of
1 mol L−1 NaCl solution for about 24 h, washed by centrifuge until the conductivity of the
water approached that of DW. The clay suspension (50 g in 500 mL H2O) was oxidized with
50 mL 30 % H2O2 at 50 °C for 48 h till near dryness to digest organic matter. The slurry was
diluted to 1400 mL and purified by sedimentation according to Gillott [25], to collect the
<2 μm fraction before use and to discard 3D crystalline components. Final composition of the
clay suspension was 2.66 g/100 mL and used as it is for immobilization experiments. For
analysis, 100 mL of the clay suspension was dried at 50 °C for 48 h and named MMT-pure.
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Cation exchange capacity (CEC) was estimated by the ammonium acetate method. MMT-pure
was first saturated by ammonium acetate to exchange the interlayer cation by the ammonium
ion method [26]. Excess ammonium was determined in the liquor by Kjeldahl method. The
CEC was determined to be 91.7 mEq per 100 g of the clay. The specific surface area of MMT-
pure, determined by N2 adsorption, was 24.5 m2 g−1.

Immobilization of NSAg on MMT

Avolume of 100 mL of the NSAg suspension was added to 200 mL of the clay suspension and
stirred for 24 h at room temperature. Then the suspension was centrifuged at 8000 rpm for
10 min, washed with DW, dried at 50 °C for 48 h and labelled MMT-Ag1.

A 1.82-g cetyltrimethylammonium bromide (CTAB) was added to 200 mL of the clay
suspension and stirred for 24 h at room temperature. This is equivalent to the CEC of the
montmorillonite. Then 100 mL of the NSAg suspension was added to the suspension,
stirred for 24 h centrifuged at 8000 rpm for 10 min, washed with DW, dried at 50 °C for
48 h and named MMT-Ag2. Then, MMT-Ag2 was calcined at 300 °C for 3 h in air and
named MMT-Ag3.

A 1.82-g CTAB was added to 200 mL of the clay suspension and stirred for 24 h at room
temperature. Then, the suspension was stirred for 24 h, centrifuged at 8000 rpm for 10 min,
washed with DW, dried at 50 °C for 48 h and named MMT-CTAB.

Antimicrobial Activity of NSAg-Modified MMT Clay

The antimicrobial activity of the modified clays was firstly studied using cup plate method.
The selected test strains of bacteria (G+ve, S. aureus, and G-ve, Escherichia coli) and yeast
(Candida albicans) were inoculated into 20 mL of sterile nutrient broth and incubated at 37 °C
for 16–18 h. Using a sterile cotton swab, the nutrient broth cultures were swabbed on the
surface of sterile nutrient agar plates. Agar wells were prepared with the help of sterilized cork
borer with 10-mm diameter [27]. Using a micropipette, 100-μl suspensions of treated and
control MMT clay were added to different wells in the plate. The plates were incubated in an
upright position at 37 °C for 24 h. The diameter of inhibition zones was measured in millimetre
and the results were recorded.

Then the antimicrobial activity of MMT3 was studied using plate count technique by
measuring the colony forming unit (CFU) method. The bacteria from the stock culture,
S. aureus, were inoculated into a freshly prepared liquid nutrient broth containing 5 g L−1

peptone and 3 g L−1 beef extract at pH 6.8 and incubated for 24 h. Samples were added to the
inoculated flasks leaving the control (untreated sample). After 16-h incubation at 37 °C, a
serial dilution from each sample-containing culture and the control has been done (10−2–10−7).
The microbial inhibition was determined by two methods. Firstly, the CFU by inoculating Petri
dishes containing solidified nutrient agar medium with 100 μl from each dilution are counted
and the reduction growth rate (R) for treated samples in relation to control (untreated) are
calculated according to Eq. 1:

R %ð Þ ¼ B� A

B
� 100 ð1Þ

where A is CFU/mL for treated sample after 16-h incubation and B is CFU/mL for untreated
sample after the same period of incubation time [28].
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In the second method, the optical density of the incubation liquid culture medium was
recorded at 660 nm. The greater the growth, the higher the turbidity, and the optical density
figure was directly proportional to the number of the bacteria in the medium.

Results and Discussion

Characterization of NSAg

The bacterial isolate was identified asM. bovicus. Members of theMacrococcus genus belongs
to Gram-positive cocci, family Staphylococcaceae, non-motile, non-spore forming that are
coagulase negative and catalase positive. They can be distinguished phenotypically from most
staphylococci on the basis of their cellular morphology being are 2.5–4 times larger in
diameter compared to S. aureus. When M. bovicus culture supernatant was mixed with an
equal amount of aqueous solution of silver nitrate (3 mmol L−1), a reddish brown colour was
formed as an indication of NSAg formation. Figure 1 shows the colour change of M. bovicus
bacterial culture and silver nitrate-treated culture filtrates from yellow to reddish brown
attributed to the formation of NSAg. The UV–visible spectra (Fig. 2) show two broad
absorption bands entered at about 389 and 455 nm. These bands are associated with the
absorption by surface plasmons in NSAg (red coloured) [29]. According to Mie [30], if the
particles do not interact, the width of the absorption band is inversely proportional to the size
of the particles indicating that it is in the nano-range. TEM investigation of the NSAg
suspension of dead culture (Fig. 3) shows the accumulation of NSAg with a size range
~5.4–21.5 nm in the form of aggregates. The morphology of the nano-particles is highly

Fig. 1 The colour change of Macrococcus bovicus bacterial culture and silver nitrate-treated culture filtrate
(NSAg). Silver nano-particles (reddish brown) (a), culture filtrate (yellow) (b)
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variable. The nano-particles were not in direct contact even within the aggregates, indicating
stabilization of the nano-particles by a capping agent. The separation between the NSAg seen
in the TEM image (Fig. 3) could be due to the capping by proteins. This is in agreement with

Fig. 2 UV–Vis spectrometry of aqueous NSAg synthesized by M. bovicus culture supernatant

Fig. 3 TEM micrographs recorded from a drop-coated film of an aqueous solution of Macrococcus
bovicus culture supernatant reacted with 3 mM Ag+ ions for 96 h at 30 °C (a–c)
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previous results [31] which reported that Ag+ is reduced during the metabolism of anaerobic
cultures of Shewanella oneidensis in presence of high Ag+ concentrations (100 μM) and the
NSAg forms in aggregates.

The crystalline nature of the Ag nano-particles was also confirmed by the powder XRD
pattern (Fig. 4). The reflection at 2 38.069° was assigned to the (111) of a cubic face-centred
(fcc) lattice of silver (PDF 87-0720 silver 3C) whereas the (200) and (220) diffractions were
hardly seen, probably due to the small size of the NSAg. This result also substantiated the
TEM and UV results.

Immobilization of NSAg on MMT

As the surface of the MMT is hydrophilic, due to the presence of Na cations in the interlayer
space and the surface OH terminals, the NSAg particles may not better be dispersed in the
MMT particles. The exchange of the Na cations by an organic cation, such as
cetyltrimethylammonium cation (CTA+), is of great importance to render the clay surface
partially organophilic which eases the dispersion of NSAg (covered with cell contents [13]) in
the pores of CTA-modified MMT. This modification is also intended to ease mutual access of
microorganisms and NSAg immobilized on organo-modified clay due to high homogeneity
and remarkable improvements in diffusion properties [32].

Elemental analysis of Ag indicated that its concentration in MMT1, MMT2 and MMT3
was 0.042, 0.106 and 0.126 % giving an efficiency of immobilization of 13.8, 44.2 and 41.4 %
of the actually added NSAg/clay percentage; 0.304, 0.24 and 0.304 %. The apparent increase
in Ag content in MMT2 and MMT3 in comparison with MMT1 may be attributed to the
organo-functionalization of MMT2 that helped in capturing the NSAg in the clay phase.

The powder XRD patterns of MMT and its modified phases are shown in Fig. 5. MMT
shows the presence of a main phase of Ca-montmorillonite, PDF 13-259; a lesser abundant
phase quartz, PDF 5-490; and minor phases of kaolinite, PDF 14-164, and albite, PDF 1-739.
The basal interlayered spacing (d001) of MMT is found to be 15.16 Ǻ which indicates a
hydrated calcic MMT [33]. Preliminary sedimentation, Na exchange and oxidation lead to the
exclusion of the kaolinite and albite phases and the minimization of the quartz phase with a

Fig. 4 Powder XRD pattern of NSAg. Asterisk denotes NaCl (Halite 88-2300) residual from culture salts
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change in the basal interlayered spacing of MMT-pure (14.23 Ǻ, 2θ 6.208°) which is in
accordance with that reported for Na-MMT [33].

The direct addition of NSAg to MMT-pure does not affect its structure and no lines from
Ag can be detected in the diffractogram of MMT-Ag1 which may be likely due to the presence
of the finally divided NSAg in small concentration.

CTA+-intercalated MMT samples, MMT-CTAB and MMT-Ag2, show a large increase in
the interlayered spacing to 21.33 and 21.84 Ǻ (2θ 4.14° and 4.04°), respectively, indicating the
intercalation of CTA+ cation replaced with Na+. This basal spacing is in accordance with a
tilted mono paraffinic arrangement [34]. The angle between the CTA+ cation and the MMT
base could be calculated to be 37.5° and 38.6° taking into account the length of CTA+ cation
and the aluminosilicate MMT layer (25 and 9.7 Ǻ, respectively) [35]. The d001 reflection of
MMT-CTA+ andMMT2 is broad and weak which may be due to the waving of aluminosilicate
layers. No indication of the insertion of NSAg in the Van der Waal’s gap of MMT3 could be
observed as confirmed by the recovery of a close interlayered spacing of MMT (13.56 Ǻ, 2θ
6.515°) after the combustion of most of the organic substrate. Actually, complete combustion
should have produced d001 at 9.7Ǻ which is the thickness of the aluminosilicate layer in MMT
[34]. This was deliberately avoided as the nano-composite would lose its mobility [36] which
is needed for the mutual accessibility of NSAg and microorganisms on application as
antimicrobe. Weak XRD reflections are observed at 2θ 38.39 and 44.35° in MMT-Ag3
diffractogram which may be due to the (111) and (200) lines of Ag, respectively.

FTIR studies on clay composites (Table 1) indicated that NSAg does not affect the MMT
structure. The intercalation of MMTwith CTA+ cation is confirmed by the observation of δC–H
and symmetric and asymmetric νCH2 in the FTIR spectra of MMT-CTA+ and MMT2 [40]. The
intercalation is observed to be accompanied by a decrease in the water content as concluded
from the decrease in the intensity of νOH. The weak band at 2923 cm−1, attributed to the
asymmetric νCH2, and the development of a band attributed to νCO for MMT3 are due to
residual organic constituent. This means that thermal treatment of MMT2 leads to an incom-
plete combustion of the organic content. The blue shift of the band assigned to asymmetric

Fig. 5 Powder XRD pattern of NSAg. Mmontmorillonite (13-259), K kaolinite (14-164), A albite (1-739), Q
quartz, low (5-490)
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νCH2 in MMT-CTAB and MMT2 compared to MMT1 and MMT3 indicates that the interca-
lated CTA+ cations are ordered [41]. The hydrophilic character of modified clays, which is
necessary when dealing with aqueous environments, is still evident as seen from the presence
of the bands due to adsorbed water νOH and δOH.

TGA of MMT and MMT2 is shown in Fig. 6. The TGA curves show the total weight
loss of MMT and MMT2 as 17.0 and 32.3 %, respectively, in the range from room
temperature to 700 °C. MMT shows two weight loss stages with onsets at 70.0 (11.4 %)
and 547.0 °C (5.49 %) attributed to the loss of water (adsorbed and intercalated) and
dehydroxylation of surface silanol and aluminol groups, respectively, whereas MMT2
shows four stages with onsets at 43.0 (2.41 %), 213.0 (17.9 %), 466 (6.0 %) and 556
(6.2 %). The first stage is attributed to the loss of adsorbed water whereas the next two
may be due to the loss of adsorbed CTAB and electrostatically bonded CTA+ (49.1 and
21.1 mEq of each, respectively). This may indicate that only 23 % of the CEC of MMT is
utilized which may be attributed to the steric hindrance from organic substrates. The last
stage is attributed to the dehydroxylation of surface silanol and aluminol bonds [42]. The
large decrease of the water loss stage in MMT2 compared with MMT associated with a
shift to lower temperature onset indicates the loss of intercalated water that displaced by the
hydrophobic CTA+ and CTAB.

Surface area measurements of MMT and its modified phases (Table 2) showed a tenfold
increase in SBET for MMT after organo-functionalization with CTAB indicating the

Table 1 Infrared spectra (cm−1) of clay composites

Type of vibration Wave number Reference

MMT-pure MMT1 MMT-CTAB MMT2 MMT3

Tetrahedral δSi–O–Si 428 420 424 423 412 [37]

Tetrahedral δSi–O–Mg 469 468 468 466 468 [37]

Tetrahedral δSi–O–Al 526 527 527 524 529 [37]

Kaolin 69- 693 695 695 – [38]

Deformation vibration of
hydroxyls in [Fe(III)
Fe(III)-OH] and
[Fe(III)Mg-OH]

795 795 796 795 794 [38]

– – 834 835 – – –

Smectite 2:1 deformation
Al–Al–OH

912 912 912 912 912 [37]

νSiO 1035 1032 1032 1032 1032 [37]

Symmetric δC–H of
alkylammonium groups

– – 1471 1471 – [39, 40]

δOH 1643 1641 (s) 1639 (m) 1639 (m) 1635 (s) [39]

νCO – – – – 1700 [39]

Symmetric νCH2 285- 2853 (vw) 2851 (s) 2851 (s) – [39]

Asymmetric νCH2 292- 2925 (vw) 2920 (s) 2920 (s) 2923 (w) [39]

νOH 3434 3422 (vs) 3425 (s) 3432 (s) 3444 (m) [37]

νAl–OH 3621 3622 3622 3621 3621 [38]

νAl–OH in kaolinite 3697 3697 3697 3696 3697 [38]

vs very strong, s strong, m medium, w weak, vw very weak
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delamination of the MMT layers by the surfactant. This increase in surface area was
remarkably lost for MMT3 upon thermal treatment due to the combustion of the organic
substrate. The addition of NSAg to MMT or MMT-CTAB was accompanied by an apparent
decrease in their specific surface area probably due to the occlusion of NSAg in the
interparticle pores and the increase in the attraction forces between the clay particles
especially in case of organo-functionalized clays. This is in accordance with the results
reported for sulphur and amino-functionalized NSAg-MMT which was explained that NSAg
are hosted in the pores of MMT [24]. MMT3 shows an increase in its SBET value compared
to its parent material MMT2 probably due to the craters formed during the loss of the organic
part upon combustion.

SEM micrographs of the NSAg-modified MMT clays (Fig. 7) show the lamellar structure
of MMTwhich is maintained for modified clays. The porosity and crimps of surface structure
of the clay samples increased in the order MMT ~ MMT1 < MMT2 < MMT3 < MMT-CTAB
which is in accordance with measured SBET. MMT1 shows Ag aggregates in the size range of
500 nm which means that NSAg in MMT1 losses its nano-size. No indication of such
behaviour could be observed in organo-functionalized samples which may indicate that NSAg
is well occluded within the clay sheets.

Fig. 6 Thermogravimetric analysis of MMT and MMT2

Table 2 SBET of MMT and its NSAg-modified samples

Name of sample Ag% Expected added surface area of NSAg per gram of clay, m2 Observed SBET, m
2 g−1

5-nm-long cubes 20-nm-long cubes

MMT – – – 24.5

MMT1 0.042 0.047 0.012 22.4

MMT-CTAB – – – 255

MMT2 0.106 0.118 0.029 70.7

MMT3 0.126 0.14 0. 035 153
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TEM micrographs of MMT3 (Fig. 8) show the existence of particles of high atomic
weight within the size range 8.0–40 nm, probably NSAg, occluded within the MMT
sheets. This supports the previous conclusion of caging NSAg within the interparticular
confinements of MMT.

Fig. 7 SEM images of MMT-pure (a), MMT-CTA+ (b), MMT1 (c), MMT2 (d) and MMT3 (e, f)
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Antimicrobial Activity of NSAg-Modified MMT Clays

Antimicrobial Activity Using Cup Plate Method

The antimicrobial activity of NSAg-modified MMT clays, compared with those of MMT and
MMT-CTAB, was individually evaluated against S. aureus, E. coli and C. albicans by disc
susceptibility test (cup plate method) shown in Table 3. Apparently, the NSAg-modified
samples (except for MMT3) exhibited a strong antimicrobial activity whereas the control
samples are ineffective. MMT2 shows best antimicrobial activity especially towards
C. albicans owed to the higher content of NSAg, hybrid properties and the high expansion
ability in water compared with MMT1 [43]. The observed antimicrobial activity of MMT2 is
observably high when compared with those reported for similar MMT composites [24] and
NSAg-gum ghatti [44] which contain up to 7.0 and 3.0–10.0 % NSAg, respectively. The toxic
effects of NSAg on microorganisms have been ascribed to Ag+ ion-related reactive oxygen
species production of free radicals that may damage both lipids and DNA [18].

Fig. 8 TEM images of MMT3
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Unexpectedly, MMT3, which has the highest concentration of NSAg, appeared ineffec-
tive towards the studied microbes which indicate that other factors may influence the
antimicrobial activity. The caging of NSAg inside MMT3 particles may limit its release
and diffusion through the culture [24]. To prove this concept, about 100 mg of MMT1,
MMT2 or MMT3 were shaken in 1 L of distilled water for 24 h, washed by decantation,
dried at 110 °C, digested in HF/HNO3 and analysed for Ag by AAS. The residual
concentration of Ag was 0.388, 0.187 and 0.188 %, respectively. This may indicate that
the modified clay layers were dispersed in the solution and the denser NSAg aggregates
and is concentrated in clay. The order of stability of the NSAg clay composites increase
with the order MMT1 < MMT2 < MMT3. Accordingly, the diffusion of MMT3 into
solution was observably limited due to the lamellar structure collapse caused by the thermal
treatment [41] referring to the reported importance of the release of NSAg from the MMT
host for the antimicrobial activity [24, 45].

Antimicrobial Activity Using Plate Count Technique

To explore the antimicrobial activity of MMT3 against S. aureus, a CFU was counted
instead of the static cup plate method. Compared with E. coli, S. aureus cells’ growth is
much more difficult to inhibit, and the bacteria are even harder to be killed, based on the
bacterial growth test and viability test results. In Table 4 results obtained from the in vitro
tests are reported. As can be seen from data, a significant delay (59 %) in microbial growth
was obtained in presence of the MMT3. The pictures in Fig. 9a, b better highlight the
different microbial population grew in the various samples. The effects of NSAg
immobilized onto MMT were also demonstrated in other recent works of the scientific
literature [23, 24, 46]. The hydrophilic cell wall structure of Gram-negative bacteria as

Table 3 Antimicrobial activity of NSAg-modified MMT clays compared with reported results

Sample Inhibition zone (mm) Reference

Staphylococcus aureus Escherichia coli Candida albicans

MMT – – – Present work, [24]

MMT1 12 14 12 Present work

MMT-CTAB – – – Present work

MMT2 14 13 16 Present work

MMT3 – – – Present work

S-, NH2- NSAg-MMT 9.8 10.8 – [24]

NSAg-gum ghatti 12.25 8.0–9.0 – [44]

Table 4 Antibacterial activity of MMT3 in comparison to control (Staphylococcus aureus culture) using plate
count technique

Sample Absorbance at 660 nm Number of CFU (107/mL) Reduction in CFU (%)

Bacterial culture 1.638 2.89 0.0

MMT3 1.436 1.18 59.17
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Pseudomonas spp. is essentially constituted of lipopolysaccharides that attract toward the
weak positive charge available on silver ions, thus allowing the silver-based antimicrobial
nano-particles to be effective [47]. The characteristic hydrophilic surface of the MMT host
may play an important role in approaching together the microorganism and the NSAg in
the aqueous media. This may be supported by the previous experimental evidence that
demonstrated that silver ion release is governed by water transport properties of the film,
by nature and quantity of the silver particles and their distribution within the matrix [11,
12]. Further work is still necessary to better correlate silver diffusion mechanism to its
antimicrobial activity.

Conclusion

This study reports a facile and biosynthesis of silver nano-particles with a size range ~5.4–
21.5 nm from silver nitrate using the bacteriaM. bovicus isolated from local soil. The produced
NSAg was proved to be immobilized onto MMT, CTAB-MMT, to capture NSAg within the
interparticular confinements of the clay.

Presence of CTAB in the MMT structure increased the occlusion of NSAg and kept its
size and structure without noticeable change. Thermal treatment of the MMT2 increased its
composition stability while it diminished the NSAg release and MMT layer dispersion as
well. The efficiency of antimicrobial activity towards the Gram-negative and Gram-positive
bacteria and fungus was evidenced by NSAg-MMT and in particular NSAg-CTAB-MMT via
the dispersion of NSAg. MMT3 could inhibit the bacterial growth by using the CFU method.
As the particle size of the nano-particles can be reserved, this method can be implemented
for the large-scale production of antimicrobial composites due to the availability of low-cost
clay host. The hydroxyl groups of the clay surface were suggested to facilitate the approach
of both NSAg and the microorganisms together enabling their interaction. The adopted
method is compatible with green chemistry principles as the M. bovicus and MMT serve
as a reductant and stabilizer, respectively, for the synthesis of nano-composite having strong
antimicrobial activity.

Fig. 9 Staphylococcus aureus colony forming units of untreated control (a) and MMT3 (b)
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